Reactive oxygen species (ROS) act as intracellular compartmentalized second 28 messengers mediating metabolic stress-adaptation. In skeletal muscle fibers, ROS have 29 been suggested to stimulate glucose transporter 4 (GLUT4)-dependent glucose transport 30 during artificially evoked contraction ex vivo but whether myocellular ROS production 31 is stimulated by in vivo exercise to control metabolism is unclear. Here, we combined 32 exercise in humans and mice with fluorescent dyes, genetically-encoded biosensors, and 33 NADPH oxidase 2 (NOX2) loss-of-function models to demonstrate that NOX2 is the 34 main source of ROS during moderate-intensity exercise in skeletal muscle. 35
51

INTRODUCTION 53
A single bout of exercise prompts a rapid adaptive increase in energy substrate 54 metabolism in contracting skeletal muscle to meet the increased demand for ATP 55 production. Understanding the molecular signal transduction pathways, that orchestrate 56 these metabolic responses in muscle has broad implications, from optimizing athletic 57 performance, to understanding fundamental stress-adaptive responses at the cellular 58 level, to prevention and treatment of aging-and lifestyle-related diseases in muscle and 59 other tissues 1 . 60
The production of oxygen-derived free radicals and derivatives thereof, collectively 61 referred to as reactive oxygen species (ROS), increases in skeletal muscle during 62 exercise and has long been considered to mediate adaptive responses to both acute bouts 63 of exercise and chronic exercise training 2 . Although historically viewed as a by-product 64 of oxidative metabolism in mitochondria, it has been suggested that ROS may be 65 produced enzymatically by several potential sources in exercising muscle, including 66 NADPH oxidase (NOX) and xanthine oxidase 3 . In contrast, mitochondria are likely not 67 the major source of exercise-induced ROS 4, 5 . The major ROS source in the context of 68 physiological in vivo exercise, however, remains uncertain due to the difficulty in 69 measuring and quantifying exercise-stimulated ROS production 6 . 70
Research in the past 60 years has established that glucose transport in vivo is controlled 71 by a coordinated increase in glucose delivery, glucose transport into muscle fibers and 72 intracellular metabolism 7, 8 . Among these events, the insulin-independent translocation 73 of glucose transporter protein 4 (GLUT4) from intracellular storage depots to the cell 74 surface to facilitate glucose entry appears to be a key molecular event 9, 10 . Studies in 75 isolated ex vivo incubated skeletal muscles from rodents have shown that glucose 76 transport in response to electrically stimulated contraction and mechanical stress is 77 lowered by antioxidants 11, 12 , suggesting that ROS signal to increase glucose transport 78 13 . Interestingly, the small GTPase Rac1 is activated by muscle contraction and passive 79 stretch and is necessary for both stimuli to increase glucose uptake in isolated mouse 80 muscles 14, 15 . Rac1 is best known to bind and orchestrate regulators of actin 81 remodeling 16 , but the recruitment of GTP-loaded active Rac GTPase isoforms in 82 conjunction with a complex of other NOX2 regulatory proteins (p67phox, p47phox and 83 p40phox) is also essential to stimulate superoxide (O 2 -)-production by the membrane-84 bound NOX2 complex 17 . However, whether NOX2-induced ROS production regulates 85 glucose uptake in vivo and if the reduced exercise-stimulated glucose uptake observed 86 in Rac1 KO muscles 18 is due to reduced ROS production, is currently unknown. 87
In the present study, we took advantage of recent methodological approaches in the 88 ROS signaling field, including a method for preservation of in vivo ROS modifications 89 and genetically-encoded ROS biosensors 19 . This allowed us to measure both general 90 and localized NOX2-specific ROS production in wild-type (WT) mice and mice lacking 91 NOX2 activity due to the absence of either the Rac1 or p47phox regulatory subunits. 92
Using these approaches, we show that NOX2 is activated by moderate intensity exercise 93 and is the predominant source of ROS production under these conditions. Moreover, a 94 large reduction in exercise-stimulated glucose uptake and GLUT4 translocation were 95 shared features between the two NOX2 loss-of-function models. Collectively, these 96 results imply that NOX2 is a major source of ROS production during moderate-intensity 97 exercise and that Rac1 is required for GLUT4 translocation and glucose uptake due to 98 its essential role in NOX2 activation. 99
RESULTS 101
Moderate intensity exercise increase ROS in human muscle 102
Plasma redox markers are increased during both moderate-and high-intensity exercise 103 in humans 20 . However, whether muscle ROS production increases during moderate-104 intensity exercise in humans is unknown. To test this, we estimated total oxidant 105 production in skeletal muscle from healthy young men before and after a single 30 min 106 bout of bicycle ergometer exercise at a moderate 65% peak power output exercise 107 intensity using the redox-sensitive dye dichlorodihydrofluorescein diacetate (DCF). We 108 found that exercise stimulated a 86% increase in DCF oxidation in human skeletal 109 muscle ( Fig. 1A) , which was accompanied by an expected increase in the 110 phosphorylation state of known exercise-responsive proteins (Fig. 1B ). This shows that 111 moderate-intensity exercise increases ROS in human skeletal muscle. 112
113
ROS production during exercise requires NOX2 activity in mice 114
To dissect the ROS source during exercise, we used a previously described p47phox-115 mutated mice (ncf1*) harboring a loss-of-function mutation in the regulatory NOX2 116 subunit, p47phox 21 . An acute moderate-intensity treadmill exercise bout (65% maximal 117 running speed) for 20 min increased DCF oxidation (+ 45%) in WT mice, a response 118 that was completely abolished in p47phox-deficient ncf1* mice (Fig. 1C ). This 119 observation was found to be independent of alterations in antioxidant enzyme 120 abundance in TA muscles from ncf1* mice compared to WT mice ( Fig. S1 ). 121
To substantiate that NOX2 activity was required for exercise-stimulated ROS 122 production, we used inducible muscle-specific Rac1 knockout mice (Rac1 imKO), 123
which are predicted to lack functional NOX2. Similar to the ncf1* mice, exercise-124 stimulated DCF oxidation was completely absent in Rac1 imKO compared to WT 125 littermates ( Fig. S-2C ). To directly demonstrate NOX2 activation during in vivo 126 exercise, we adapted a recently described redox histology method 19 that enabled the 127 preservation and visualization of the redox state of a transfected oxidation-sensitive 128 NOX2 activity reporter, p47-roGFP 22 , in mouse muscle sections. In WT mice, 129 electrical stimulation in vitro induced p47-roGFP oxidation in FDB fibers ( Fig. S2B ), as 130 did treadmill exercise in TA muscle (Fig.1D ). In contrast, exercise or electrical 131 stimulation failed to increase p47-roGFP oxidation in Rac1 imKO. Importantly, the lack 132 of response in Rac1 imKO mice occurred without changes in antioxidant enzymes 133 abundance ( Fig. S2B ). Collectively, these results strongly suggest that NOX2 is 134 activated and constitutes a source of ROS production during endurance-type exercise in 135 skeletal muscle. 136 137 NOX2 is required for exercise-stimulated glucose uptake 138
Given that Rac1 imKO mice display a severe reduction in treadmill exercise-stimulated 139 glucose uptake and GLUT4 translocation 18 , we reasoned that if Rac1 was acting via 140
NOX2 then ncf1* mice should show a similar reduction. We first conducted a general 141 characterization of ncf1* mice. Similar total body weight but reduced fat mass was 142 observed in ncf1* mice compared to age-matched WT mice ( Fig. S3 ). Respiratory 143 exchange ratio (RER) was lower in ncf1* mice during the light phase compared to WT 144 mice ( Fig. 2A) , despite a similar habitual activity observed between genotypes ( Fig.  145 2B). Thus, ncf1* mice, similar to Rac1 imKO mice, display a shift towards fat oxidation 146 at rest and during fasting. 147
Next, we determined whether NOX2-dependent ROS generation is required for 148 exercise-stimulated glucose uptake. Each mouse was exercised at a relative work load 149 corresponding to 65% of its maximum running capacity for 20 min. Exercise-induced 2-150 [ 3 H] deoxyglucose (2DG) uptake was markedly attenuated in Quad, SOL and TA 151 muscles from ncf1* mice compared to WT ( Fig. 2C-E) . Importantly, the reduction of 152 exercise-stimulated glucose uptake in ncf1* mice was not due to differences in maximal 153 running capacity ( Fig. 2F ), blood glucose levels ( Fig. 2G ) or intramuscular energetics 154 evaluated as NAD+ and NADH levels ( Fig. 2H-I ). However, plasma lactate levels were 155 increased by exercise in WT but not in ncf1* mice ( Fig. 2J ), consistent with a reduced 156 reliance on glycolysis for energy production. 157 158 NOX2 is required for exercise-stimulated GLUT4 translocation 159
Next, we tested if the reduction in exercise-stimulated glucose uptake in ncf1* mice 160 could be explained by reduced GLUT4 translocation as seen in the Rac1 imKO 18 . 161
Consistent with this notion, the exercise-stimulated increase in surface-membrane 162 GLUT4-GFP-myc in TA muscle from WT was virtually abolished in ncf1* mice ( Fig.  163 3A). Importantly, total protein abundance of GLUT4 and HKII ( This strongly suggests that the common denominator between p47phox and Rac1, 169 NOX2 activation, is required for exercise-stimulated glucose uptake and GLUT4 170 translocation. 171 172 Exercise-stimulated p38 MAPK Thr180/Tyr182 phosphorylation is reduced in ncf1* 173
quadriceps muscle 174
Exercise-induced ROS production has been suggested to activate a number of kinases 175 linked to glucose uptake-regulation in skeletal muscle 23 . Interestingly, p-p38 176 MAPK Thr180/Tyr182 levels were lower in quadriceps muscle of ncf1* mice compared to 177 WT mice after exercise, but not in soleus or TA muscles (Fig. 4) . The phosphorylation 178 of ERK Thr202/Tyt204 , AMPK Thr172 , and its substrate ACC Ser79 did not differ significantly 179 between genotypes ( Fig. 4 ) nor did total α2 AMPK, p38 MAPK, and ERK1/2 180 expression in any of the studied muscles ( Fig. S6 ). Taken together, this makes reduced 181 signaling by these kinases an unlikely explanation of the consistent reduction in 182 exercise-stimulated glucose uptake in ncf1* vs. WT mice across muscles. 183
184
DISCUSSION 185
The source of ROS during exercise and the role of ROS in the acute and chronic 186 adaptations to exercise, in particular in the context of non-damaging moderate intensity 187 in vivo exercise, has remained undetermined for more than 30 years 24 . The current 188 study observed that moderate-intensity endurance exercise acutely increased ROS levels 189 in both humans and mice. Strikingly, functional NOX2 was required for the exercise-190 stimulated ROS increase and is thus a major source of ROS during moderate intensity 191 exercise. Furthermore, NOX2 activity was a major requirement for exercise-stimulated 192 GLUT4 translocation and glucose uptake in skeletal muscle, providing a likely 193 molecular explanation of why Rac1 imKO mice have a strong impairment of exercise-194 stimulated GLUT4 translocation and glucose uptake. 195
We and others have shown that the small rho family GTPase Rac1 is necessary for 196 insulin-stimulated, muscle-contraction and passive stretch-induced skeletal muscle 197 glucose uptake 14, 15, 25 . We have previously found this Rac1-dependency of glucose 198 uptake and GLUT4 translocation to be more pronounced during in vivo treadmill 199 exercise compared to in vitro contractions 18 . The GLUT4 trafficking field has mostly 200 focused on Rac1 as an orchestrator of the dynamic reorganization of the cortical actin 201 cytoskeleton consisting of the cytoplasmic β and γ actin-isoforms 16 . This actin-202 reorganization was shown to be crucial for insulin-stimulated GLUT4 translocation in 203 muscle cells 26 . However, the cytoplasmic β and γ actin-isoforms are both 204 downregulated during muscle differentiation and whether dynamic reorganization 205 occurs in adult skeletal muscle fibers similarly to in cells is presently unclear 27 . Our 206 present data suggest that NOX2 is a vital downstream mediator of the effect of Rac1 on 207 exercise-induced glucose uptake and GLUT4 translocation since the Rac1 imKO 208 phenotype is shared by mice lacking another essential regulatory subunit of NOX2, 209
p47phox. In addition, our in vivo glucose uptake data provide a likely physiological 210 mechanism explaining why exogenous antioxidants inhibit ex vivo contraction-and 211 stretch-stimulated glucose uptake 11, 12 . The relative dependence on actin and NOX2 and 212 whether NOX2 and actin interact in muscle to regulate glucose uptake, as suggested in 213
other cell types 28 , should be clarified in future studies. 214
Due to the uncertainties regarding the downstream events mediating NOX2 signal 215 transduction, we utilized a classical, non-ROS-specific redox-sensitive fluorescent 216 DCF which, upon oxidation, is converted into fluorescent DCF 29 . DCF fluorescence 217 should thus be regarded as a general measure of total cellular oxidant levels rather than 218 a specific measure of a particular ROS 30 . We observed an increase in DCF 219 fluorescence in exercising mice and humans. Remarkably, despite the non-specific 220 nature of DCF oxidation, we found that the increase in exercise-stimulated DCF 221 fluorescence was virtually abolished in mice lacking either Rac1 or p47phox 222 components of NOX2. Regardless of the exact ROS measured, this indicates that 223 NOX2 is a predominant source of ROS in skeletal muscle of exercising mice. 224
In the current study, the exercise-stimulated phosphorylation of p-p38MAPK was 225 reduced in ncf1* mice compared to WT, in particular in quadriceps muscle. As p38 226 MAPK has been proposed as a regulator of muscular glucose uptake 12 , we cannot 227 exclude that reduced p38 MAPK contributed to the reduced glucose uptake we observed 228 in ncf1* mice. However, the reduction in exercise-stimulated kinase signaling is less 229 consistent than the reduction in glucose uptake in the different muscles analyzed in the 230 ncf1* mice. Moreover, Rac1 imKO mice share the same glucose uptake phenotype 231
without showing reductions in stretch-stimulated signaling, including p38 MAPK 18 . 232
Instead, we speculate that the shared reduction in exercise-stimulated glucose uptake in 233 ncf1* and Rac1 imKO mice might relate to a shared and yet undetermined redox-234 sensitive signaling mechanism. Worth noting, we believe NOX2 to signal independently 235 of the AMPK-TBC1D1 signaling axis, based on the previous work by us and others 14, 236 31, 32, 33, 34 . Future studies should work to identify the shared cell signaling traits between 237 different NOX2-deficient mouse models using e.g. redox proteomics 35 . 238
In conclusion, this study showed for the first time that NOX2 is activated during 239 moderate-intensity exercise in human and mouse skeletal muscle and is a major source 240
of ROS under such conditions. Furthermore, our comparison of two mouse models 241 lacking regulatory NOX2 subunits showed that lack of ROS generation during exercise 242 strongly impaired muscle glucose uptake and GLUT4 translocation during exercise. 243
This indicates that NOX2 is a major source of ROS generation during exercise and that 244 NOX2-dependent ROS production is an important signal for increasing muscle glucose 245 uptake during exercise. Redox changes in muscle cryosections. TA muscles were dissected and embedded in 297 optimum cutting temperature (OCT) medium from Tissue Tek, frozen in melting 298 isopentane and kept at -80 °C until processing. Total oxidant levels were estimated as 299 previously described 13 . Briefly, 10 µm thickness muscle cryosections were incubated 300 with 5 µM of 2',7'-dichlorodihydrofluorescein diacetate (DCF; Molecular Probes, 301
Eugene) and allowed to dry overnight at room temperature in dark. Muscle membranes 302 were visualized using Texas red labeled wheat germ agglutinin (WGA; Molecular 303 Probes). The redox histology was performed as previously described 19 . p47roGFP-304 transfected muscle cryosections were incubated with PBS containing 50 mM N-305 Ethylmaleimide (NEM) for 10 min at 4°C, followed by fixation using 4% 306 paraformaldehyde for 10 min at room temperature. In vivo GLUT4 translocation. Immediately after exercise, TA muscles were fixed by 322 immersion in ice-cold 4% in paraformaldehyde in PBS for 4 h. Individual fibers were 323 teased from fixed muscle with fine forceps under a dissection microscope. Non-324 permeabilized isolated muscle fibers were incubated in 1% BSA in PBS for 1 h min and 325 then incubated with an anti-myc antibody (rabbit polyclonal) overnight (CST, #2278). 326
The next day fibers were incubated with a secondary antibody conjugated with Alexa 327
Fluor 568 (Invitrogen, UK). The muscle fibers were mounted in Vectashield mounting 328 medium. E577-585 (2010) . 446 447 GLUT4-myc-GFP construct was electroporated into tibialis anterior (TA) muscles of 568 both WT and ncf1* mice. Non-permeabilized muscle fibers from exercised (20 min, 569 65% maximal running speed) or resting mice were stained with anti-myc antibody and 570 imaged by confocal microscopy (n=3-5). Total endogenous GLUT4 and HK II were 571 determined by western blot in the following muscles B) quadriceps, C) soleus, and D) 572 TA muscles in WT and ncf1* mice (n=14). Total oxphos proteins were determined in 573 E) quadriceps and F) Soleus muscle. Unpaired t-test (B-D) and two-way ANOVA were 574 performed to test for effects of exercise (Exer) genotype (Geno), and interaction (Int), 575 redox-regulated proteins in FDB fibers are similar between WT and Rac1 imKO muscle 592 (n=5). C) DCF oxidation after 20 min of exercise in WT and Rac1 imKO tibialis 593 anterior muscle (n=4). Two-way ANOVA were performed to test for effects of exercise 594 (Exer) genotype (Geno), and interaction (Int), followed by a Tukey's post hoc corrected 595 for multiple comparisons. # denotes P< 0.05 respectively compared to the WT group. 596
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Values are mean ± SEM. 
